Formalin-fixed, paraffin-embedded (FFPE) tissue banks are invaluable to cancer genetics and biomarker discovery. However, FFPE tissue-derived DNA is degenerate. As such, any PCR technique which will give adequate amplification of such DNA to enable downstream applications is important to the characterization of genetic biomarkers and to personalized medicine. The aim of this article is to describe a two-stage PCR method which efficiently amplifies degenerate FFPE tissue-derived DNA. Ampliconenriched templates were produced by a first-stage multiplex PCR which used five or more primer pairs with similar annealing temperature. Subsequently, the enriched products were used as templates for a singleplex PCR which utilized the same PCR cycling parameters and primer pairs as in the multiplex PCR. We compared the amplification of FFPE-derived and cell line DNA by this new protocol and the conventional PCR using the percentage of samples that achieved amplification at a cycle threshold (ct) of 30 or less, the mean of ct values obtained at the end of PCR, as well as our devised amplification efficiency test. Furthermore we compared the amplification of FFPE DNA using this present protocol and the Quick Multiplex Consensus-PCR (QMC-PCR) protocol on the fast programme of the ABI 7500 Fast Real Time PCR instrument. The present two-stage protocol has better sensitivity and amplification efficiency than the conventional PCR in amplifying degenerate DNA templates; and it also amplifies DNA better than the QMC-PCR protocol in fast cycling Real Time PCR programmes.
Introduction
Across the world histopathology departments maintain a rich tissue bank in the form of formalin-fixed, paraffin-embedded (FFPE) tissues for medical diagnosis and research; and for a long time to come FFPE tissue will continue to be the most available and reliable method of preserving tissue architecture and biomolecules, at least normal FFPE tissue-derived DNA, 4 FFPE colorectal cancer tissuederived DNA and DNA from 7 colorectal cancer cell lines all obtained from the stocks of Pathology Research Group of the University of Nottingham, United Kingdom. All the PCRs were run in the ABI 7500 Fast Real Time PCR machine.
DNA extraction
Four to eight shavings of the UCH, Ibadan, FFPE samples were subjected to DNA extraction using the Promega ReliaPrep™ FFPE gDNA Miniprep System kit according to the manufacturer's instruction.
The two-stage PCR protocol
The first stage: The following genetic regions were amplified for each samples using multiplex PCR: KRAS exons 2, 3 and 4; BRAF exons 11 and 15; PIK3CA exons 9 and 20; using the primers shown in table 1. All the primers were shown to have an annealing temperature of about 55°C using gradient PCR. The cycling parameters include 3 minutes of initial denaturation at 95°C, 40-45cycles consisting of 10 seconds of denaturation at 95°C, 45 seconds of annealing at 55°C and 30 seconds of extension at 72°C; followed by 5 minutes of final extension at 72°C. PCR was carried out in a 10µl volume made up of 5µl of Diamond Hotshot master mix, 1µl of LC Green Plus dye, 300nM of primers and 40ng DNA template.
At the end of the PCR 1:100 dilutions of the products were made by adding 4µl of PCR products to 396µl of distilled water. The diluted products were used as DNA template for the second stage reactions.
The second stage: Using 300nM of KRAS exon 3 primer pairs, 2µl of diluted products as DNA template and all other parameters from the first stage a singleplex PCR was used to amplify exon 3 of KRAS.
Conventional PCR protocol
Conventional PCR consisting of 3 cycling steps of denaturation, annealing and extension were carried out on 40ng (or more, see Results below) of FFPE DNA using the same cycling parameters above; and the results were compared with that of the two-stage PCR protocols described above.
Criteria for adequate amplification
The criteria used to adjudge quality and adequate amplification were those that have been previously described: cycle threshold (ct) value of 30 or less and amplification curve with exponential segment and amplitude (Applied Biosystems High Resolution Melting Getting Started Guide www.appliedbiosystems/hrm) [8] .
Efficiency testing for conventional versus two-stage PCR
To compare the efficiency of the conventional PCR and that of our 2-stage PCR, four serial 1:10 dilutions (up to 1:1000) of original FFPE DNA and amplicon-enriched DNA template, both of which are from the same sample stock, were prepared by adding 5µl of template to 45µl of water. Two microliters of each of the dilutions were subsequently used in PCR which was run in duplicates utilizing the parameters described above. The original FFPE DNA amount for the conventional PCR was 40ng. The Excel spreadsheet (2010) was used to plot the graphs of log10 of serial dilutions versus ct values and obtain the amplifications slopes. The values of the slopes were subsequently used to derive the amplification efficiencies of both PCR protocols.
The Quick Multiplex Consensus (QMC) protocol versus the two-stage PCR protocol
Amplification of exon 10 of the POL E gene was used to compare the QMC-PCR protocol as previously described and the two-stage PCR protocol on the ABI Fast Real Time PCR using the Fast PCR module. The primer sequences used for this study are shown in table 1.
Sequencing
The PCR products of the two-stage PCR were sequenced using the Sanger method. The chromatograms were viewed and interpreted with the Finch TV software.
Statistical analysis
The student t independent test (SPSS version 19) was used to determine the mean ct values and differences of mean ct values between the conventional and two-stage PCR protocols.
Results

Amplification Quality: conventional PCR versus two-stage PCR protocols
We compared the amplification of exon 3 of KRAS in about 94 samples (comprising singles of 76 gastric cancer derived DNA and duplicates of 2 normal DNA and 7 colorectal cancer cell lines-derived DNA) amplified by the conventional PCR and the two-stage PCR protocols. Using the following criteria for adequate amplification: cycle threshold (ct) value of 30 or less and an amplification curve with exponential phase and amplitude, we found that while 92/94 (97.9%) of the samples achieved amplification at ct values of less than 30 when using the two-stage PCR protocol, only about 16/94 (17%) of the samples (all cell line DNA and DNA from normal tissue) attained the criteria of ct of 30 or less when the conventional PCR protocol was used ( Figure 1 ).
Amplification 'sensitivity': conventional PCR versus twostage PCR protocols
We hypothesized that using higher amount of FFPE DNA templates and higher primer concentrations in a conventional PCR may give similar quality amplification as the two-stage PCR protocol. We tested this hypothesis by amplifying 80ng of original templates of 18 odd samples with 500nM of primers for the conventional PCR, while maintaining the same template amount and primer concentration as used previously for the amplicon-enriched group. Using the student t independent test we found that the difference in mean ct value of samples between the conventional and the two-stage protocol was 23.24 ± 0.62 (95% confidence interval of 21.99 -24.50; p<0.001; conventional PCR=29.60 ± 2.29, two-stage PCR=6.35 ± 1.22). This result shows that the two-stage PCR is more 'sensitive' in amplifying degenerate templates such as FFPE DNA.
Amplification efficiency: conventional PCR versus twostage PCR protocols
Duplicate samples of 4 serial 1:10 dilutions (up to 1:1000) of Table 1 : Sequences of primer pairs used for amplifications of the genes in this study
Gene region
Primer sequences
• The other dilutions did not achieve the adequate amplification criteria. Furthermore, we tested the amplification efficiencies of conventional and two-stage PCR for our FFPE DNA samples by deriving a standard curve for both protocols using the averages of the ct values and log10 of dilution in Excel 2010. We then used the values of the slopes in the equation, E=0 (-1/s) -1, where E is amplification efficiency and s is the slope of the derived curve (Figure 2) . The amplification efficiency of the conventional PCR protocol was 1678%, while the two-stage PCR protocol achieved 90.9% efficiency at amplifying our set of samples.
The QMC-PCR protocol versus the two-stage PCR protocol
We compared the two-stage PCR protocol with the QMC protocol on the ABI 7500 Fast Real Time PCR machine by using the Fast PCR programme to amplify exon 10 of POL E-enriched FFPE colorectal cancer-derived templates prepared from the multiplex stage of the QMC-PCR protocols. Our results showed that while the two-stage PCR protocol adequately amplified the templates, the QMC protocol did not (Figure 3 ). This suggested that the twostage PCR protocol may be superior to the QMC protocol when using a high ramping speed programme such as the ABI 7500 Fast programme. We also utilized a two-step PCR process consisting of 10 seconds of denaturation and 45 seconds of annealing on the ABI fast programme to amplify exon 10 of POL E-enriched colorectal cancerderived DNA. The amplification of POL E using this two-step PCR achieved adequate amplification ( Figure 3E ). We concluded that the poor amplification obtained with the QMC-PCR protocol on the high ramp speed programme was due to the significantly reduced reaction times of the QMC-PCR protocol; and that when using a high speed ramp instrument such as the ABI 7500 Fast machine our two-stage PCR protocol may be superior to the QMC-PCR protocol previously described by our group.
Specificity of the two-stage PCR method
In order to determine the specificity of the two-stage PCR method, i.e. whether it introduces errors during the amplification process or not, BRAF exon 15 sequence was amplified in FFPE tissuederived DNA using the two-stage PCR method. The PCR products were sequenced using the Sanger method. Visual inspection of the obtained forward and reverse sequences showed that there were no changes to the target sequence. Also, when the obtained sequences were queried on BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi),
Conventional PCR
Two-stage PCR they showed a perfect match to the target BRAF exon 15 sequence in the databases (Figure 4) .
Discussion
We have shown here that the two-stage PCR protocol is clearly superior to conventional PCR in amplifying degenerate DNA such as FFPE DNA. Across a large bulk of samples, the two-stage protocol adequately amplified almost all the samples, while more than half of the samples gave poor quality amplification with conventional PCR.
Hilscher et al had previously used the mean ct value and the differences between mean ct values as a measure of the sensitivity of the PCR assay to detect viral nucleic acid [9] . In this study we adopted the mean ct value and difference in mean ct value between the two PCR protocols as a measure of the ability of the PCR protocol to amplify degenerate DNA template. We showed that the two-stage PCR protocol achieves early amplification of the genes of interest from FFPE DNA, in contrast to the conventional PCR which is characterized by late amplifications. The practical implication of our results is that much more than the conventional protocol, the two-stage PCR protocol is robust in amplifying degenerate DNA templates.
Furthermore, similar to the measure used by Hilscher et al. we have used the standard curve derived from serial dilutions of samples in determining the amplification efficiency [9] . And we showed that, like the 'sensitivity', the two-stage PCR has an acceptable efficiency status of 90.9% (range is 90-105% [Bio-Rad Real Time PCR Application Guide www.bio-rad.com/webroot/web/pdf/lsr/ literature/Bulletin_5279.pdf]) at amplifying our set of FFPE DNA than the conventional protocol.
We have also shown that this two-stage PCR method produces specific PCR products. Sequencing of the two-stage PCR-derived products revealed no changes in the product sequence. This means that the two-stage PCR method reliably amplifies DNA sequences from degenerate template such as FFPE DNA and finds application in HRM analysis and screening of point mutations (manuscripts in preparation). Other PCR-based downstream application where this protocol may be applicable include mutation-specific PCR (allelespecific PCR), methylation-specific PCR and methylation-sensitive HRM [10] [11] [12] . However, our protocol may not be applicable to the comparative quantitative PCR as differences in the amplification efficiencies between primers for the gene(s) of interest and the housekeeping gene may give spurious gene dosage results over the two amplification stages [13] .
This protocol may find use in fields such as Forensic Pathology and Archaeology where the only template available may be degenerate [14, 15] .
The QMC-PCR protocol has previously been shown to be superior to conventional PCR in amplifying degenerate FFPE DNA ; and has been applied to HRM and sequencing with excellent results [6, 7] . The differences between the QMC and this new protocol are (i) while the QMC uses nested primers in the second stage, this protocol uses the same primer pairs for both stages of the amplification; (ii) in the QMC-PCR method the second stage PCR is a two-step PCR consisting of 1 second of denaturation and 1-10 seconds of annealing, but in the two-stage protocol, the singleplex (second) stage amplification is either two-or three-step PCR cycling with reaction times in the conventional PCR range [6] .
While both the QMC-PCR and the present two-stage methods worked well when using standard ramp speed (data not shown), we showed here that with the fast PCR ramp speed the QMC-PCR method produces poor amplification of the final template. The reason for this poor amplification with the fast cycling PCR on fast ramping may be due to the significantly reduced time the reaction spends on each cycle (which is a combination of the denaturation, annealing and total ramping times). In the study by Hilscher et al. it was also noted that fast PCR conditions were associated with loss of sensitivity (or loss of ability to amplify the DNA of interest) and it was suggested that with fast PCR cycling conditions fewer amplicons are produced per cycle [9] .
Although the concept of amplicon-enrichment for subsequent PCR is not new, and has been described for QMC-PCR, whole genome amplification and other two-stage amplification methods, the technique we describe here is simple requiring no complex primer or probe design or cycling protocol. It uses the same primer pairs and cycling parameters for both stages of the protocol [6, 7, [16] [17] [18] [19] [20] .
Finally, further manipulation of the two-stage protocol can reduce experiment time and/or the amount of primers in the singleplex stage of the protocol. For example, using lower dilutions such as 1:20 or 1:50, rather than 1:100 produces more concentrated amplicons of interest in the dilutions. This can be exploited to reduce the number of PCR cycles in the second stage ( Figure 5 ) and /or the primer concentrations (not done). This description of the two-stage PCR method assumes that one is amplifying multiple gene regions. However, the first stage of the two-stage PCR can be a singleplex reaction if one is interested in amplifying only one gene region from the FFPE DNA.
In conclusion we have described a two-stage PCR protocol, a modification of the QMC-PCR which is superior to conventional PCR in amplifying degenerate FFPE DNA. In addition we showed that this two-stage PCR protocol may have some advantage over the fast cycling QMC-PCR protocol on a high speed ramping instrument.
